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We know a number of important roles

for RNA structure

Catalytic(e.g. ribosomal RNA is added to the

list of ribozymes.)

Binding( RNA-protein, RNA-RNA, RNA-DNA and
RNA-small molecule, other?) involved in

regulation and localization.

Purely structural?



RNA Informatic issues

Some databases

Analysis program repositories and servers
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Databases, Web Tools
Three-dimensional structures (coordinates and images)

The Nucleie Arid Database (NDF)
The Protein Dala Bank (PDE)

The FiboWeh Project (three-dimensional models of the . cofi 30 5 sibosomal subunit and 18,5 rRNA)
FNase F 30 modals

B Jena Image Labrany of Biological Macromolecules
o (with a compilation of all RHA stroctures from the Protein Diata Bank)
The RNA Shucture Database
SCOR: Stuchural Qasafication of RNA
Visualizafion of Visuses (DNA and BNA)- Dniversiy of Hiaconain, Madison
Fibosome fmages (Wadsworth Center Microscope 30 Database)
Base pairs
o Compilaion by Tinoco
o Compilafion by Dirheimer ot al.
o Dutabase of non-canonical base paves found in known RNA structures (Fox Lab)
o RNA base pair isogtericity (Leontis, Westhof)
o The Base Pair Directory of e IME Jena Image Librany of Biological Macromolecules
Sequences, Secondary siructures, Other
4.5 Ribosomal RNA Database

Database of Ribosomal Crosslinks (DRC)
FHibosomal Datebase Praject 1T
FHibosomal RNA Mutafional Database
Furopean Large Subunit Fibosomal RNA Database
European Swmall Subunit Ribosomal RNA Datobase
Fibosomal Internal Spacer Seguence Collechon (RISSC)
Comparative RNA Web Site

o Oid ANA Secondan Shuctures Site

HRNA and tRNA Gene Sequences
GRDA: The Genomic HANA Database

PLMIRENA: A Database for Plant Mitochondrial tRNA Genes and Molecules
Arinoacpl-tRNA Smihetases Database (AARS)

EnfNA Database
* pnRNA Wehsite
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RNA Structures

Primary sequence

Secondary structure

Tertiary structure(e.g. pseudoknots, etc.)

Ultimately atomic scale models



Three dimensional model of the core structure of HIV-1 RRE




RNA SECONDARY STRUCTURE

Well-ordered secondary structure required
for RNA function

Ribozymes
Ribosomes
Signal recognition particle (srp) RNAs
transfer RNAs (tRNAs)
Functional RNA elements
RRE, TAR, IRES, IRE



Some Rules for RNA Folding
(severely simplified)

Single stranded nucleic acids can fold back on themselves
to form regions of typical duplex structure(called ‘“stems’)

Watson-Crick rules: A:U, G:C, (G:U -"wobble”)are favorable

Thermodynamic refinements:
benefits for helical stacking
penalties for loops ( harrpin, internal, and multi-
branched).

Rules are undergoing long term, gradual refinement so that
they can now correctly predict “most” of the base pairs
observed i1n known structures.



An example of RNA secondary structure
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RNA SECONDARY STRUCTURE

Nomenclature

multi-branched

loop

2 AAU stem A

hairpin C ~C G U G U CCA C

loop UU(J(_CC(‘ A .AGGUA
AU
interior loop G C

(G bulge loop
. GC
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RNA SECONDARY STRUCTURE

Of RNase P RNA

Exchericiio coli

RNase P RNA
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Tetrahymena bergeri

Small subunit ribosomal RNA



transfer RNA tertiary structure

(b}
T¥CG loop Acceptor stem

Variable ™
loap

Anticodon loop




RNA SECONDARY STRUCTURE

Stems are nested relationships

UcC
U G
C-G )

A Stem stacking
A-U
G-C cC _A
A e G -

CC C A

AAGACUUCGGAUCUGGCGACACCC



RNA SECONDARY STRUCTURE

Stems are nested relationships

If positions 1 and j pair and I’ and j’ pair,
these pairs are nested If:
I<r<jy<jorr<i<j<y

AAGACUUCGGAUCUGGCGACACCC
3 5 10 1315 18 2224



RNA TERTIARY STRUCTURE

Pseudoknots
L1 crosses the deep groove
In the pseudoknot

A

G

C

Loop 1 R
A

G C

C-G

St 1 H

U G

Uu-A

AAAUGAGCU

L2 crosses the deep groove

In the pseudoknot



Pseudoknots are not nested

A

...UUCCG
AGGGCAACUCGA
UGAGCU...
A

=== ==
UUCCGAAGCUCAACGGGAAAAUGAGCU




RNA SECONDARY STRUCTURE

Predicting for secondary structures

Comparative sequence analysis
Nussinov folding algorithm
Zuker folding alogrithm

Genetic Algorithm (RNAGA, Chen, Le and Maizel)



PREDICTION of RNA
SECONDARY STRUCTURE

Comparative seguence analysis

Problem: multiple solutions, very tedious
manual works are often involved.

Computation: Search for conserved
complementary base-pairings in the
folded stems.

Reguirement: A set of conserved phylogenetic
seguences and a reasonable multiple
seguence alignment.



PREDICTION of RNA
SECONDARY STRUCTURE

Comparative sequence analysis:

Step 1. Multiple sequence alignment
Step 2: Search for covarying nucleotides

Seql GCCUUCGGGEC U G
Seq2 GACUUCGGUC » C-G
Seq3 GCCUUCGGGEC N—N"~

G-C




PREDICTION of RNA
SECONDARY STRUCTURE

Comparative sequence analysis:
Measuring pailrwise sequernce covariation

Mutual Information: A measure of how much
uncertainty about the nucleotide at one site Is
reduced by knowing the nucleotide at another

Site.



PREDICTION of RNA
SECONDARY STRUCTURE

Comparative seguence analysis:
Mutual Information:

MI(X,Y)=> > P(Xi,Yj)logx P(Xi,Y;)
P

P(X:)P(Y;)

P(X;) is the probability (frequency) of nucleotide i at site X

P(X;,Y;) Is the joint probability of nucleotide I at site X and nucleotide |
at site Y



RNA SECONDARY STRUCTURE

mutual information (bits)

5‘\ A
GeC

Ce( acceptor stem

Ge(Cro

yeast tRNA-Phe GolU
shel

U®A T¥CG stem

UeA C

sGACAC & s

CUGUG.
c Uy

AeU anticodon stem
30GeC40

Ael
C A

A

T

From: Durbin, et al.
1998. Biological
Sequence Analysis.



PREDICTION of RNA
SECONDARY STRUCTURE

Nussinov RNA folding algorithm:

Dynamic programming algorithm for finding the RNA
secondary structure with the maximum base-pairs.

Recursive algorithm, building larger subsequences onto smaller
subseqguences.

For nucleotides 7and s there are 4 ways to add them to an existing
subsequence structure:

Add unpaired /to structure for i+1,

Add unpaired j to structure for 7, -1

Add 7,/ pair to structure for /4+1,/-1

Combine 2 optimal substructures /,kand k+1, J



PREDICTION of RNA

SECONDARY STRUCTURE
Nussinov RNA folding algorithm

/unpaired J unpaired

k+ 1
/f pair bifurcation



PREDICTION of RNA
SECONDARY STRUCTURE

Nussinov RNA folding algorithm

The algorithm:

Given a sequence x of L symbols x;, ..., X_

If x; and Xx; are complementary base pairs then o(/y) =1
If not, then o(7y) =0

Calculate scores y(/,f) that are the maximal number of base

pairings that can be formed for subseguence X; ... x;
As with other dynamic programming alogrithms we’ve seen there are

two steps: filling the matrix followed by traceback.



PREDICTION of RNA
SECONDARY STRUCTURE

Nussinov RNA folding algorithm

Matrix filling

Initialize the matrix y(,7-1)=0 fori=2tolL
v(/,7)=0 fori=1tolL

Recursive filling for subsequences of length 2 to L

(7)) = max: y(/+1,))
v(/, /- 1)
Y(/+1, j- 1) + o(/))

max [y(7, k) +y(k+ 1, )]
I<k</J



PREDICTION of RNA
SECONDARY STRUCTURE

Nussinov RNA folding algorithm

Matrix filling

Delta matrix
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PREDICTION of RNA
SECONDARY STRUCTURE

Nussinov RNA folding algorithm

Traceback
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PREDICTION of RNA
SECONDARY STRUCTURE

Zuker Thermodynamic Programming algorithm

Energy minimization

Sum of contributions from: loops
base pairings
bulges
other sequence
elements
And stacking interactions
For example: GC different from AU
GC GC



PREDICTION of RNA
SECONDARY STRUCTURE

Zuker Thermodynamic Energy minimization:

4 ntloop +5.9 A A

A A _ .
G C -1.1 terminal mismatch
-1.8 stack
-0.9 stack AU
U A
1 ntbulge +3.3 A -1.8 stack (bulge)
-2.9 stack 8 8
-2.9 stack
-1.8 stack C G
U A

5’ dangle —O.3A

unstructured single A
strand go_o Overall AG = -4.3 kcal/mol



PREDICTION of RNA
SECONDARY STRUCTURE

Zuker Energy minimization

Program: Mfold

Uses dynamic programming to predict
secondary structures in RNA
sequences

Returns optimal and suboptimal
predicted structures

Dynamic programming requires 2
matrices, V and W

W(1,J) := energy of best structure on I,j

V(1,)) := energy of best structure on i,j

given that I1,J are paired



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA: A genetic algorithm for predicting a secondary
structure common to a set of phylogenetically related
sequences.

Algorithm: RNA structure is optimized by not only the free energy of the
formation of the structure but also the structural similarity among
the homologous sequences by a genetic algorithm.

Genetic Algorithm of RNAGA:
1. A population of individuals ( a set of RNA secondary structures)

2. A measure that provides the fitness for the individuals

3. Operations that are intended to model crossover, mutation and
selection.




PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm:
Individual Representation:

A secondary structure is an individual in the population.

Each structure is encoded by T as a set of Stems,

T={S1, Sz, ..., Sn}

Si =(ai, bi), (ai, bi)is the closing base pair of a stem Si

Each of individuals represents a search point in the space of
potential solutions to a given optimization based on the selected



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm:
Fitness Function
Predefined fitness (object) functions:

Thermodynamic Stability: Folded Free Energy
It is used in the initial stage of the optimization
procedure

Structural Similarity among the structures:

It Is used In the second stage of the optimization.



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm:
Initial Generation of a Population of Individuals

For each sequence

a. A stem Siis randomly chosen from the of all possible
stems that can be formed by base-pairing rule.

b. For the stem Si we consider a list of stems that are interior
(nested) to the stem. From this list we select those stems that
are compatible with those already incorporated into the
structure until no stem can be added.

c. Inthe procedure, a stem is added to the structure if the addition
of a stem increases the stability of the structure, otherwise, the
addition is determined by the Boltzmann rule.

d. The steps a-c are repeated until no more stem Si can be chosen
from the



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm: Operation

Crossover: Genetic crossover exchanges information among
solutions creating the possibility of the right combination
of motifs for better solutions.

In RNAGA, a pair of structures is selected as two parental
structures from the population and the selection is based on
the fitness score. A stem pool is formed from the pair of
structures. An offspring of the two parental structures is
constructed by stepwise selection of one stem after another
from the pool. Only stems compatible with the previously
selected ones are added. If two stems overlap and one is
selected then the selected one is taken wholly and the other
IS shortened.



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm: Crossover Operation:

The offspring is required to be different from the two
parental structures.

For a population of n structures n pairs of structures are
selected to be subjected to crossover



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm: Mutation Operation
Every structure in the population is subjected to be mutated.

Mutation is performed by the removal of some stems from the
Individual and the subsequent addition of new stems.

a. In the initial stage, the stem which closes a region with
positive E will be removed from the structure. If no such
stem exists, the removal stem is randomly selected.

b. In the second stage, the removal of stems is based on a
roulette wheel spin method with slots weighted in inverse
proportion to the stem conservation scores. The addition
of new stem is done In a randomized manner.

c. Resulted mutated structure is required to possess a certain
thermodynamic stability (predetermined).



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm: Selection Operation

a. For a population of n structures, 3n structures are
produced in each GA iteration.

b. Size of population is kept constant in the algorithm.

c. Fitness Scores:
Free Energy E, Structural Conservation (Similarity Score)

Stem Conservation, Structural Distance Function, dij
dij = 1 —nij /mij, nNijis the number of base pairs in

common between Si and Sj; Mij Is the maximal of base pairs

between two any structures of the population.

d. Structure difference between solutions
For each structure we also define a score as the difference
between its fitness and the best fitness value In the set
divided by its distance function,



PREDICTION of RNA
SECONDARY STRUCTURE

RNAGA Algorithm: Selection Operation

e. The structures in the population are sorted in increasing
order of this score and the new population is selected
from the top of the list.



Implementation of RNAGA

Generate an initial population of n structures for each Sequence.

Iterate crossover, mutation and selection with E as the fitness
function until the stability criteria of the structures are reached.
In the second stage, those operations are optimized based on
the fitness functions of both E and structural similarity.

Evaluate the conservation score for each structure in the current
generation and compute the stem conservation score for each
stem In the structure for each sequence.

Perform genetic operations on the current generation for each
sequence.

Collect potential common structures for each sequence.



Implementation of RNAGA

6. Select the next generation for each sequence.

/. Repeat steps 3-6 until the maximal number of generations
has been reached and converge is reached.

8. Rank those structures based on the computed conservation
scores.



Implementation of RNAGA

RNAGA Web Interface:

http://protein3d.ncifcrf.gov/shuyun/rnaga.html

RNAGA server for online users:

http://protein3d.ncifcrf.gov/shuyun/dorna2d.htmi



Accuracy of RNAGA predictions

Table 1. Accuracy of a genetic algorithm for RNA common secondary structure prediction

RNA Nucleotides  Base pair Correctly predicted base pair (%)

Rank 1 Rank 10 Best structure  Any structure
tRNA 1556 432 87.7+124 812x125 98827 99.8
S5STRNA 3004 910 953170 87.9+73 986143 08.7

Only the first 10 ranked ordered structures were considered in assessing the accuracy. The accuracy was determined
for: the structure ranked first (i.e. with highest adjusted conservation score); the structure ranked tenth; the single
best structure of the first 10 ranked ordered structures (column 6); the base pairs correctly predicted in at least one
structure (column 7). The accuracy was determined by counting correctly predicted base pairs. Standard deviations are
given with the percentages to demonstrate the range of accuracy. Only tRNA and 55 rRNA are listed since there
are no known standard structures in the RREs of HIV-1 and HIV-2.
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UGCC . UGGECGEGcaGUAGCCGCGGEUGgUuCccCACCUGA . coccCAGCocgaacUCAGaaGUGaaaCGC
UGCU . UGGCGACCcATUAGCGUUATGgaccCACCUGA | M CocCUUGC oGAacUICACUACGTUGaaaCGEU
uGCU . UGCGCGACCAUAGCGAUUUGgaccCACCUGACUUcCAUUUCecGAacUCAGaaGUCaaaCGA
uUCy . UGACGACCATUAGAGCAUUGgaacCACOCUGA . UCcCAUCCoGAaAcTICAGRAGTUTIGaAaaaCGA
UGCU . UCACGAUCAUAGAGCGUUGgaacCACCUGA . UCcCAUCCeGAacUCAGcaGUGaaaCGa
uGCyU . UCGACGAUCAUAGAGUCGUUGgaacCACCUGA . UCcCUUCCoecGAacUCAGaaGUGaaaCGa
UGGCC . UGCUGGEGUCAUTUGCGGEGGUUCgaaaCACCCGAa . UCcCAUCCocGAacUCGGccGUGaaaGAG
G . UUA . CGGCGGCUuAUAGCGCGUGGEGEGgaaa cGLCCGE . cCGUATAUCGaacCCGGaaGCuaagCOC
G .uUU . CGGUGGUCAUAGCGUGAGGgaaacGCCCGEG . UaCAUUCcGAacCCGGaaGCuaagCCU
AAUTCCCCCGUGCCcUUAGCGGEGCGUGgaacCALl . COGUUCcCAUUCecGAacACGGaaGUGaaaCGC
AAUCCCCCGUGCCcAUAGCOGGCGUGgaacCAC . COGUUCCCAUUICcGAaCACGGaaGUGaaalCGC
uUuCC . UGGUGUCuCUAGCGCuuuggaacCACUUCGCGAUUcCAUCCoGAacUCCAUUGTUGaaacuu
un . . aAGCGCGEGGEGCcAUAGCGEGEUGGGguuacUC . CCGUacecCAUCCocgaacACGGaaGiunaaglCCC
uu . . a”AGGUGGEGCCcACAGCGGCGEGEGgogacUC . CCGUaccCAUCCocgaacACGGocaGruaaglCCT
. - GGCeAACGGEUcCAUAGCAGCAGGgaaacAl . CaGAUCcCAUUCocGAacUCgacGEGUuaagCClU
GCCCA . CCCGGEUcACAGUGAGCGGgrcaacAlC . CCGGacuCAUUUcgaacCCGGaaGUuaagCCa
- uCAAUAGUGGCcACAgcAGGUGUgucacAlC . CCGUUCcCAUIICcGARACaACGGaaGUuaagAChA
. GUC . UGGEUGGCcAAAGCACGaGCAaaacAl . CCGAUCcCAUCCoGAacUCGGeccGUuaagUGC
. CC . UAGUGACaAUAGCGGAGAGgaaacAlC . CCGUUCcCAUCCoGAACACGGaaGUuaagCuUuT
. S UC . UGGUGACUAUAGCGGCGAGGggcaalCAC . CCEUaccCAUCCegaacACGGacGUCaagalCC

. UG . UGGUGGCGAUAGCGAGAAGggauacAC.
. LUC . UGGUGAUGAUGGCGCSAGGGgacacAC.
. LUC . CAGUGUCUATIGACULUAGAGgUAaACAC .
. LU0 L UGGUGGECGAUAGCGAAGAGgUuCcacAC .
. LUOU L UGEGUGEECGAUAGCGAAGAGgUCACACT .

C

C

CUSUaacCAUGCcgaacACAGaaGUuaagCuUld
CCOUJCcCAUUACcGAacACGEccGUuaagCCC
UCCUUCcCcCAUTUCCcGAacAGGcaGGUuaagCUC
CCOUUCcCAUACCcGAacACGGaaGUuaagCUc
CCOUUCcCAUGCecGAaCcACGGaaGUuaagCuc

F-

CcCGUaGC .
AAUTaGC .
AUUTaGC .
uGlaucC.
CcCGClalUC.
CGCaucC.
CcCCuGcCc.
ChAUaGC.
UTACaGC.

GCCuGCGUIUCCGGUucaguaCUGGAGUGCGECEGAGCCUCUGGgaaa . uCCGGUUcGCCECCU.
GCCaGCGUuCCAGecgaguaCUGGAGUGUGCGAACCUCUGGgaaa . alCUGGUuUcGCCGCCLT .
GCU . GCGUAUUGCGUUguaCUGUATUgCCGCGAGGCGUACGGgaAGC . GCAATUAMGCUGUUTACC . .
CUC . ACG . UUAGUGGCgccGUCGATaCCGUGAGGAUCCECagCCCcACUAA . . GCUGGGEaAaUGEGEUUUY

. gCCgAUgSr .
. gCCgAUgg .
. gCCgAlUgg -
. GCCgAUgg -
. GCCgaAUgg .
. GCCgAUgg .
.GCCaalUgyg -

naGuUGUGs . GGUCU
uaGuUGuUGs . GGUCU
uaGuUGUGS . GGCUU
1aGuUGCuUGsE . GGUUU
1aGuUGEuUGes . GGUUU
1aGuUGUGGE . GGUCU

.CCCCAUGCgaga
CCCCaAUGLlIgaga
. CCCCAUGUgaga
CCCCaUGUgaga
CocccaUGUaaga
CCCCAUGUgaga

waCuGCGU . . CUUAAGGCG . UGGgaga
-GCCgaAaAUgguualClUEuUuan CCGEGAGGUUGUGGEGgaga
- gCCgAUgg - uaCUGCAG . GGGGGACCCUGUGGaga
GCCaGC . .CCCgAlUgg - uaCUGGGA . CCGCAGGGUCCUGGgaga
GCCaGC . .GCCCgAUgg - uaClUGGGEC . GEECEGACCGCCUGSGgaga
uGCuGC . . GGCUA . agauaCUuGClU . GGGUUGCUGGCuGGEgaaa . alJaGcCu ..

-GUaGGog -
. GlTJaGGa .
. GUaGGa .
-GUaGET.
.GUaGGEuU.
.GUaGGUuU .
L GUaGE.
.GUaGGU.
. GUaGGa -
. GUUacsEuy .
.GUaGGEJ.

aaCuUGCCA . GGCAU
calCElCh  GGECATT
CcauCGoCa . GGCulT
calJCGUCA . AGAUT
CcATUCGUCA . GGCGC
CcAUCGUCA . AGCUC
cGCCGCCA .GGCCU
cGCCGCCG.UGA . .
CcECCGECCG .. Ale . T
CcGGUGCGEGGEGESESGALT

cGGUGCGGEGEGAU

cGAUGCCA . GGAUUT
. .acu
N elel o

CCUcacGUGGAUGACcCgguaCUGAGGUACGCGAGUCCUCGGgaaa . UCAUCCUcGCUGCUAITUGU . U
vall. . GCG . JCARANGACGU . GGgaga - GUaGGU .
2aGUuGGEGE . GCCAGCGCCICuGCaaga . GUaAGGU.
vaCiGGGa . GGGCAGCCUCCUGGgaaa . guaGGU .
waGUGAGG . GGGUUGCCCCUUGUgaga . GUacGa .
valCiuGCU . CCCCAGGGAGCoGGgaga . GUaGGa .
waCUGCAG .. GCGAAGCCCUGUGGaaga . GUaGGU .
vaGUcecGGEE . GG . UUUCCCCCuGlgaga - GUIaGGa .
LaGUuGeEGE . GG . CUUCCCCCuGUgaga - GUaGGa .

CGUaGC.
uCcCacCc.
UClascC.
cUgaGC .
UcCCaGC.
UAA MG .
UUuCaGC.
TUCaGC.

. GCCanaugyg -
L GCCgAlUgyg .
. GCCggagaa -
. glCgAUUg .
. gCCaaAlugyg -
. GCUgAUgS -
-gCCgAlJgyg .
. glCCgAUgg .

caCCGCCA .GAC.C
cGUUGCUA . GG. . C
cGUUGCCA . GG .
CGUCGCCA .CG.
CGUCGCCA .GG.
cGACGCUG .GG.
CGCCGCCA . AG.
CGUCGCCA . AG.
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Structural alignment of seven HIV-1 RRE sequences

A Bl B2
SF2 AGGA . . GCTauGuuCCulUG . GG . UUCUUggga GCAGCAGGAAGCACUAUGGGECGCAGUG . UCAUY
HXB2 AGGA . .GCTOUCGUUCCUUG . GG . UUCTIUgggaGCAGCAGGAAGCACUAUGGGCGCAGCe . UCARU
MAT, AGGA . .GCCaUGuUCCUUG . GG . UUCTUgggaGCAGCAGGAAGCACGAUGGGLUGCAGCG . UcAlU
ELT AGGA . . GCTauGUUCcuUG . GG . UUCUUgggaGCAGCAGGAAGCACHAIIGGGCGCA . CGgUCAGU
HIVU4Lh5s AGGA . .GCUaucUUCcuUG . GG . UUCTUaggaGCAGCUuGGAAGCACaAUGEGEGUGCGECGE . UcAAT
HIVANT7O GGGAaL GCUA . . . UUCUUGGGGgUUCUAAGU . GCAGCAGGUAGCACUATUGGGCGCAGCG . gecAAl
MVPS1380 GGGaalGCUA . . . UUCUUGGGEGEUgCUAAGH . GCaGCAGGUAGCACUAUGGGCGCAGCG .. gcAAC
B2’ R3 B3~ B1- C

SF2 GACGCUGalCGGUACAGGCCAGACAATUAUUGUCUGGEG UAUASGUGCAACAGCAGAACAATUY
HXRBZ2 GAcGCUGalCGGUACAGGCCAGACAATUAUUGUCUGG UAUAGUGCAGCAGCAGAACAATIUU

MAL asCGCUGaCGGUACAGGCCAGACAGUUACTUGUCUGG UAUaGUGCAACAGCAANACAAUTUYT

ELT GACGoUGaCGGUACAGGCCAGACAAUUTAAUGUCUGG UaAUaGUGCAACAGCAARAACAATUY
HIVUI455 AaACGCCUGCaCGGUACAGGCCAGACAAUUAUTUGUCUGG UAUaGUGCAACAGCAGAGCALTUCT
HIVANT7O aaCGECUGCGEGUACAGACCCaCAculUUGCcUGaaGGGE UAUTUAGUGCAACAGCAGGACAACCU
MVES5180 agCGlUGaCGGUACGGACCCaCAGUGUACUGaaGGGE UAUAGUGCAACAGCAGGACALACCY

cr I} fNd E E’ F
SEF2 GCUGAGGGCUAUIUGAGGC GUCAACAaCAUcCUGUUGCAL . . CUCacaGUCUGEGEGECAUCAMGCA
HXB2 GCUGAGGGCUATUGAGEC GCAACAGCAUCUGUUGCAA . .cUCacaGUcUGGGGCAUCAMGCA
MATL GCUGAGGGCUAUAGAGGEC GUCAACAGCAUCUGUUGCARZ . . CUCacgGUCUGGGGCAUUARACA
ELT GCUGAGGGCUAUAGAGGC GCAACAGCAUCUGUUGCAA . . clICacgGUCUGGGEGCAUUARAACA
HIVU455 GCUGAGGGCUAUAGAGGC UCAACAGCAUCUGUUGAAA . .CUCacUGUCUGGEEGEGCAUUADACA
HIVANT70 GCUaAGAGCaAUACAgGEC cCAGCAGCAAUIGCUGa . . GGCUaucuxualUGGEEGUAUCAGACA
MVP5180C GCUGAGAGCgAUACAgGEC cCAGCAACACUUGCUGa . . GGuuaucuGUaUGGEGUATUTUAGACH
| A

SEFZ2 - GCUCCAGGCaaGAG UCCUgGCU.GUggaAAGAUAL . CC . UAaagGGauCaacAGZC. . . UCCU
HXB2 GCUCCAaGCaaGha UCCUaGCU.GUggaALGAVA . CC . UAaAGEZANCALACAGC . . . UCCU

MAL GCUCCAGGCaaGAG UCCUgGCU.GUggadAAGAuA . CC.UAaAGGAUCAACEEC. . . UCCU

ELT GCUCCAGGCaaGha UCCUgGCU.GUggaAAGAUA . CC.UaaaGGaAUcaacAGZC. . . UCCU
HIVU4ASS GCUCCAGCGCRAAGAG UCCugGCU . GUggaAAGAuA . CC . UAcaGGAucaacAGC. . . UCCU
HIVANT7O ACUCCGAGCUc . . . GCCU.GCUaGC .CUUAGA . AaCCUUACLaCAGAAUCAGCAaCUCCU
MVP5180 ACUCCGaGCUC. .. GCCU.GCaaGC . CUTAGaaACCCUUA . wacAGAAUCAGCAacglCCU



Consensus
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HIV-2/SIV




Structural alignment of 10 RRE sequences of HIV-2/SIV

A Bl : B2

HIVZROD GGUUCUUGGGUUUUCUCgcaacAGCAGGUUCUGCAAUGGGCGCGgCGUCCCUGACCGUGU
SIVMM251 GGUUCUUGGGUUUUCUCGCcaacGGCAGGUUCUGCAAUGGGCGCGECCUCGUUCAGGCUGa
SIVMM142 GGUUCUUGGGUUUUCUCGCaacGGCAGGUUCUGCAAUGGGCGCGCGUCGUUGACCGUGa
HIVZBEN GGUUCUUGGGUUUUCUCGegacAGCAGGUUCUGCAAUGGGCGCGCGgUCCCUGACGCUGU
HIV2CAMZ GGUUCUUGGGUUUUCUCacaacAGCAGGAGUUGCAAUGGGCACGGCGUCCUUGACGCUGU
HIVZ2D194 GGUUCUUGGGUUUUCUCGcgacAGCAGGUUCUGCAAUGGGCGEGCGCGUCCUUGACGCUGU
HIVZISY GGU UAGGUUUUCUCACcgacAGCAGGUGCUGCAAUGGGGGCGGCGUCUCUGACGCUGU
HIVZNIHZ GGUUCcuAGGUUUUCUCgcaacAGCAGGUUCUGC cAUGEGCGCGGCGUCCUUGACGCUGU
HIV2UC1 GGUUCUUGGGacUUCUUGCaalUGGCAGGUUCUGCARUGGGCGCAaCGUCCUUGACGCUGY
HIVZST GGUUCUUAGGUUUUCUCacgacAGCAGGAGCUGCAAUGGGCGCGGCEUCCUUGACGCUGU

B3 B3’ Bl' C c’ D1

HIVZROD cgGCUCA GUCCCGGaCUUUACUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG
SIVMM251 cCGCUCA GUCCCGGaCUUUAUUGGCUGGGAUAGUGCAG CAACAGCAACAGCUGUUG GGCG
SIVMM142 cCGCUCA GUCCCGGaCUUUAUuGGCUGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG
HIV2BEN caGCCCA GUCCCGGaCUUUACUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG
HIV2CAMZ2 caGCCCA GUCUCGGaCUUUAUUGGCCGGGAUAGUGCAG cAACAGCAACAGCUGUUa GACG
HIV2D194 CgGCUCA GUCCCGGaCUUUACUGGCCGGGARUAGUGCAG CAACAGCAACAGCUGUUG GACG
HIV2ISY CggCUCA GUCUCGGACuUUAUUCCGUGGQAUAGUGCAG CAACAGCAACAGCUGUUG GACG
HIV caGCUCA GUCUCGGaCUUUAUUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GAUG
HIV2 caGCL GUCCCGGaCUUUACUGGCUGGGAUAGUGCAG CAGCAGCAACAGCUGCUG GACG
HIV2ST cgGCUCA GUCUCGGaCUUUAUUGGCCGGGAUAGUGCAG CAACAGCAACAGCUGUUG GACG

D3 D3

HIVZROD UGGUCAagagaCAACAaGAACUGUUGcgacUGACC GUCUGGGGaaCGAAAAacCUCCAGG
SIVMM251 UGGUCAAgagaCAACAAGAAUUGUUGcgalUUGACC GUCUGGGGaaCAAAGRacCUCCAGA
SIVMM142 UGGUCAagagaCAACAAGAAUUGUUGcgacUGACC GUCUGGGGaaCAAAGAacCUCCAGA
HIV2BEN UaGUChRagagaCAACAaGAAaUGUUGcgacUGACe GUCUGGGGaaCCGAAAAacCUCCAGG
HIV2CAMZ UGGUCAagagaCAACAAGAAUUGUUGcgacUGACC GUCUGGGGAACAAAAAUUCUCCAGG
HIV2D1%4 UGGUCAAgagaCAACRAaGAAaUGUUGcgaUUGACC GUCUGGGGAaCGAAAAAUCUCCAGG
HIV2ISY UGGUCAagagaCAACAaGAAaUGUUGcgacUGACC GUCUGGGGaaCUAAARacCUCCAGG
HIV2NIHZ UGGUCAagagaCAACAaGAAaUGUUGcgacUGACC GUCUGGGGAaCAAAARAaUCUCCAGG
HIV2UCl UGGUCAaaagaCAACAGGAACUGUUGcygcUGACC GUCUGGGGaaCGAAARacCUCCAGA
HIV2S8T UGGUCAagagaCAACAaGARAUGUUGCcgacUGACC GUCUGGGGAaCAAAARaUCUCCAGG

D1’ A’

HIV2ROD CAAGAGUCACUGCUauaGAGAAGUACCUACAGGACC
SIVMM251 CUAGGGUCACUGCCauCGAGAAGUACUUAGAGGACC
SIVMM142 CUAGGGUCUCUGCCauCGAGAAGUACUURAAGGACC
HIVZBEN CAAGAGUCACUGCUauCGAGRAGUACCUAaAGeAUC
HIV2CAMZ CAAGAGUCACUGCUauaGAGAAGUACCUAaAGGAUC
HIV2D194 CAAGAGUCACUGCUauCGAGAAAUACUUARAGGACC
HIV2ZISY CAAGAGUCACUGCUauUGAGAAGUACCUAGCcAGaCC
HIV2NIHZ CAAGAGUCACUGCUawaGAGAAGuUCACUaaaGGACC
HIV2UC1 CAAGAGUCACUGCCAUCGAGARauaCCUARAGGACC
HIV2ZST CAAGAGUCACUGCUaucGAGAAAUACUUaAAGGACC




Atomic-level structural models

Atomic-level models can be derived by
manual model building, or by programs.

We use Hugo Martinez’s program RNA2D3D
which literally folds a planar secondary
structure model i1nto 3D.

Refinements are done with molecular
mechanical/dynamical programsl, mainly
using the Kollman lab”’s AMBER.



